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Abstract
Purpose: To compare equivalent and contact stresses in a mandibular molar restored
by all-ceramic crowns through two methods: ceramic endocrowns and ceramic crowns
supported by fiber-reinforced composite (FRC) posts and core, by using 3D finite
element analysis during normal masticatory load.
Materials and Methods: Three 3D models of a mandibular first molar were made
and labeled as such: intact molar with no restoration (A); ceramic endocrown-restored
molar (B); ceramic crown supported by FRC posts and core restored molar (C).
By using 3D FE analysis with contact components, normal masticatory load was
simulated. The mvM stresses in all models were calculated. Maximal mvM stresses
in the ceramic of restorations, dentin, and luting cement were contrasted among
models and to values of materials’ strength. Contact shear and tensile stresses in the
restoration/tooth interface around restorations were also calculated.
Results: The highest mvM stress levels in the enamel and dentin for the tooth re-
stored by ceramic endocrown were lower in the crown ceramic than in tooth restored
with FRC posts and all-ceramic crowns; however, in the resin adhesive cement in-
terface it was lower for ceramic crown supported by FRC posts than the in ceramic
endocrown restoration. The maximum contact shear and tensile stress values along the
restoration/tooth interface of ceramic endocrowns were lower than those with ceramic
crowns supported by FRC posts.
Conclusions: Ceramic endocrown restorations presented a lower mvM stress level
in dentin than the conventional ceramic crowns supported by FRC posts and core.
Ceramic endocrown restorations in molars are less susceptible to damage than those
with conventional ceramic crowns retained by FRC posts. Ceramic endocrowns prop-
erly cemented in molars must not be fractured or loosen during normal masticatory
load. Therefore, ceramic endocrowns are advised as practicable, minimally invasive,
and esthetic restorations for root canal treated mandibular molars.
The restoration of extremely damaged nonvital teeth is a
challenging procedure in conservative dentistry. Clinical data
concerning the restorative procedure of pulpless teeth are still
questionable and frequently rely on uncertain empirical litera-
ture. The loss of dental tissues associated with caries, extensive
cavity preparation, and trauma along with physical changes or
dehydration in the dentin is an essential reason for both stiffness
and fracture strength reduction of endodontically treated teeth
(ETT).1-3 Previously, the rehabilitation of root canal treated
teeth with extended dental tissue loss was accomplished by
creating full crowns retained by cast metal cores.4
The rehabilitation of ETT became noticeably easier, more
practical, and biocompatible with the presence of intracanal
posts made of glass fiber and adhesive systems.5 However, the
requirement for using fiber posts and core has become less
obvious, particularly in posterior teeth, with the new era of
adhesive dentistry aligned with the introduction all-ceramic
crowns with high mechanical properties.6 Therefore, it has
become practical to reconstruct posterior teeth with extreme
coronal damage with ceramic onlay, overlay, and endocrown
restorations, which acquire retention and stability by means of
adhesive bonding, allied with the surface accessible inside the
pulp chamber.7,8 Generally speaking, the long-term success of
an ETT to a great extent relies upon the choice of an appropri-
ate restorative material, which could save the remaining tooth
structure.8
Nevertheless, because of the absence of information about
biomechanical behavior of endocrowns and the expectation that
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Figure 1 Models of: (A) first mandibular molar tooth with roots and
periodontium (model A); (B) ceramic endocrown (model B); (C) ceramic
crown supported by glass fiber post and composite core. (model C).
this type of restoration would behave similarly or superiorly to
conventional crowns (because of the potential to be retained
in the pulp chamber by micromechanical retention given by
the adhesive system and resin cement), the present study has
attempted to assess which restoration (ceramic endocrown or
ceramic crown with fiber-reinforced composite [FRC] post)
will provide minimal stress in mandibular molars, and the pos-
sibility to use endocrowns rather than conventional crowns sup-
ported by FRC posts for ETT molars considering the mechani-
cal response of the restored tooth to masticatory load. The null
hypothesis in this study was that the endocrown is not superior
to post-and-core crowns in terms of biomechanical response to
normal masticatory load.
Figure 2 Meshed models of: (A) intact molar; (B) tooth restored by
ceramic endocrown; (C) tooth restored with ceramic crown supported
by FRC posts and composite core.
Materials and methods
Generation of FE models
To generate accurate 3D computer models of intact molar
teeth, a freshly extracted intact mandibular first molar tooth
was inserted into a resin block for scanning 9000C 3D (Kodak,
Rochester, NY) computed tomography (CT) with a tube
voltage of 60 Kv, voxel dimension of 100 µm, and exposure
time of 10.8 seconds. To identify the dental hard tissues and to
recognize them with finite element analysis (FEA) software
(Workbench v.14.0; ANSYS, Canonsburg, PA), all CT image
profile records were manipulated by Kodak CS 3D-Imaging
program. Three 3D FEA models were fabricated through a
precise calculation in the program, and by deducting the pulp
Figure 3 Distribution of the mvM stresses and contact stresses in intact molar model A during the masticatory load (MPa). (A) The mvM stresses in
enamel; (B) the mvM stresses in dentin.
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Table 1 Mechanical characteristics of the materials
Material
Modulus of elasticity
(GPa) Poisson’s ratio
Tensile strength
(MPa)
Compressive
strength (MPa)
Enamel15,22 84.1 0.33 11.5 384
Dentin16,23 18.6 0.31 105.5 297
Periodontium17 0.05 0.45
Cortical bone8 13.7 0.3
Trabecular bone8 1.37 0.3
Glass fiber post21,24 Ex = 37 Vx = 0.34 Rmx = 1200 Rcx = 1000
Ey = 9.5 Vy = 0.27 Rmy = 73 Rcy = 160
Ez = 9.5 Vz = 0.27 Rmz = 73 Rcz = 160
Composite core20,25 14.1 0.24 41 293
Ceramic crown18,26 65.0 0.19 48.8 162.9
Resin cement19,27 8.3 0.35 45.1 178
and dentin volumes from dentin and enamel volumes. Three 3D
solid models of enamel, dentin, and pulp were generated. These
models were completely adaptable with the FEA computer-
aided mechanical software (ANSYS, Workbench v.14.0) used
in this study. The periodontal ligament (PDL) and trabecular
and cortical bone were simulated around the models. PDL thick-
ness was considered to be 0.2 mm, while the cortical bone and
lamina dura were considered to be 2 and 0.3 mm, respectively.9
The coordinate axis system for all the models was arranged
as follows: The X axis demonstrated the molar lingual surface,
while the Y axis was directed upwards, and the Z axis indicated
the molar mesial surface as shown in this article’s figures.
Model A: Intact molar with no restoration
The crown length was 6.7 mm in the occluso-cervical dimen-
sion and 10.5 mm in the buccolingual dimension. Mesial and
distal root length were 11 and 12 mm, respectively10 (Fig 1A).
Model B: Ceramic endocrown-restored molar
This model fabrication process was as follows: at 6.7 mm dis-
tance from the cusp tips, model B with endocrown was divided
into sections vertically with the long axis of the tooth. Then
within the prepared pulp chamber surface a cube with dimen-
sions 3.6 × 5.2 × 2.2 mm3 in conjunction with smooth margins
was formed and joined with the divided portion of the crown.
Then a layer of resin cement (0.1-mm thick) was created be-
tween the prepared tooth surface and the inner surface of the
crown (Fig 1B). Model B with ceramic endocrown was made
in this manner (the restored molar was the same one used for
model A).
Model C: Ceramic crown supported by FRC
posts and core restored molar
This model creation process was as follows: the tooth was pre-
pared for a conventional ceramic crown, with a 2 mm occlusal
clearance, 1 mm heavy chamfer margin, and with 6° inclina-
tion for axial wall preparation.11 At 6.7 mm from the cusp tips,
model C with ceramic crown supported by FRC posts was di-
vided into sections vertically with the long axis of the tooth, at
that point, in an attempt to simulate glass fiber posts, two cylin-
ders were created with dimensions of 9.0 × 1.0 mm and 9.5 ×
1.0 mm, respectively. The simulated FRC posts were inserted
at depths of 5.7 and 6.3 mm into the roots of the tooth model
and then joined to the core (Fig 1C). A layer of resin cement
(0.1-mm thick) was created between the simulated fiber posts
and the prepared canals, in addition to the inner surface of the
ceramic crown. Model C with ceramic crown and fiber posts
was made in this way (the restored molar was the same used
for model A).
Mesh generation
This process, an essential step of the FEA to obtain predictions
on complex geometries, divides the system domain into a set
of many finite elements whose quantities rely upon the meshed
structure geometry. Thus, the meshing process provides a pre-
cise representation of the actual model’s geometries.
All models were obtained from the same mesh design in order
to avoid variations in stress levels among the models. Using
8-node parametric elements containing 3 degrees of freedom
per node, the models in the new condition were meshed and
redefined. A convergence test verified models’ accuracy. The
study models had a sum of 79,803 elements and 138,018 nodes
in model A (Fig 2A); 77,109 elements and 135,545 nodes in
model B (Fig 2B); and 91,549 elements and 163,036 nodes in
model C (Fig 2C).
Boundary condition and load application
Boundary condition is an important factor in FEA, reflecting
the manner of movements occurring at the nodes and their
relationships. The following were considered for all models:
(1) the materials used in all models were considered to be
isotropic, homogenous, and linearly elastic; (2) FEA models
were considered to be securely placed in the alveolar bone,
without any movement in any direction; (3) In all directions,
the nodes were strained on the roots’ outer surface; and (4)
There was no flaw in any of the components.12,13
In an attempt to imitate the normal occlusal load, the vertical
(axial) load was directed toward five diverse contact points
toward the models’ occlusal surfaces: three were on the buccal
cusps’ outer aspects, while the other two were on the lingual
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Table 2 Maximum values of mvM stresses in FE models of mandibular molars with various restorations (MPa)
Maximal stresses mvM (MPa)
Models of
mandibular
molars
Enamel/Ceramic of
restoration Posts Dentin
Resin composite
luting cement
A Intact tooth 6.27 – 3.54 –
B Tooth with endocrown 8.85 – 10.8 3.36
C Tooth with FRC posts and ceramic crown 9.96 6.6 12.2 3.1
cusps’ inner aspects. The applied force was 300 N in magnitude,
which simulates average occlusal load.14
Materials’ mechanical properties
Leucite-reinforced ceramic was the material of choice for the
fabrication of ceramic endocrown and ceramic crowns sup-
ported by FRC posts. It was cemented to the prepared tooth in
the different restorations by the commercially accessible com-
posite luting material (Variolink II; Ivoclar Vivadent, Schaan,
Liechtenstein). The posts and core materials in model C were
created from fiberglass and composite resin, respectively. We
entered the qualities for modulus of elasticity, Poisson’s ra-
tio, and compressive and tensile strength for various materials
including: enamel, dentin, PDL, ceramics, composite luting ce-
ment, and composite core (Table 1). The materials used in the
study models differed in tensile and compressive strength; how-
ever, they were considered to be isotropic, homogenous, and
linearly elastic.
Analysis method (linear static FEA)
Computer-aided mechanical software (ANSYS Workbench
v.14.0) was used in this study.28 To calculate the stress patterns
for different models, a linear static FEA was done. To assess
the materials’ strength under complex stress conditions, the
standard mvM stress, which constantly has a positive value,
was used. Dental tissues, ceramic material, FRC post, and
composite core differ in terms of compressive and tensile
strength.29 Furthermore, mvM stress relies on the stress state
of the entire field, and is generally accepted as an index for the
normal stress values in various structures restored by different
materials.30 The proportion between the compressive and
tensile strength was considered for all materials.
The highest stress levels for each model were calculated
and contrasted to each other as well as to the material’s tensile
Table 3 Maximum values of contact tensile and shear stresses along
the restoration/tooth interface under various restorations inmolars (MPa)
Contact stresses
(MPa)
Models of mandibular molars Tensile Shear
B Tooth with endocrown 4.72 5.09
C Tooth with FRC posts and
ceramic crown
5.32 5.75
strength. In addition, contact stresses along the restoration/tooth
interface of each restoration were calculated.
Results
The main concentration of this study was on the mvM stress
values at the restoration/tooth interface of restoration, posts,
dentin, and at the resin composite luting cement (Figs 3 to
7). The mvM stress and contact stress values in different sur-
faces were visualized using shade images to demonstrate stress
distributions. The red zone indicates the highest stress levels,
while the dark blue zone indicates the lowest stress levels.
The mvM stress levels in dental tissues (enamel, dentin) and
around resin luting cement among different restorations were
calculated (Table 2). Likewise, we calculated the contact ten-
sile and shear stress levels around the restoration/tooth interface
(Table 3).
Model A
For the intact molar with no restoration, the highest mvM stress
value in enamel (6.27 MPa) was concentrated around the central
groove (Fig 3A), whereas the highest mvM stress value in the
dentin was located at the mesial part of the pulp chamber,
reaching 3.54 MPa (Fig 3B, Table 2).
Model B
In the ceramic endocrown model, the highest mvM stress level
was recorded in the central groove of the ceramic endocrown,
and it was 8.85 MPa (Fig 4A), while the highest mvM stress
level in the dentin was found in the pulp chamber region, and
it was 10.8 MPa (Fig 4B). The maximum mvM value in the
resin cement was located in the prepared pulp chamber of
the endocrown, reaching 3.36 MPa (Fig 4C, Table 2). Con-
tact tensile and shear stress levels are presented in Figure 5 and
Table 3.
Model C
In the ceramic crown retained by FRC posts and core model,
the highest mvM stress level in the ceramic of the crown was
situated around the mesial groove of the crown surface, and
it was 9.96 MPa (Fig 6A). While in dentin, the highest mvM
stress level was found at the mesial part of the pulp chamber,
and it was 12.2 MPa (Fig 6B). The highest mvM stress level in
the resin/cement interface was located on the inner surface of
the crown, and it was 3.1 MPa (Fig 6C).
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Figure 4 Distribution of the mvM stresses in molar tooth model B with ceramic endocrown during the masticatory load (MPa). (A) The mvM stresses
in ceramic endocrown; (B) the mvM stresses in dentin; (C) the mvM stresses in composite resin luting cement.
Figure 5 Distribution of contact stresses in molar tooth model B with ceramic endocrown during the masticatory load (MPa). (A) Contact tensile
stresses in the ceramic endocrown; (B) contact shear stresses in the ceramic endocrown.
The highest mvM stress values in the enamel and dentin
for the tooth restored by ceramic endocrown were lower in the
crown ceramics than those in tooth restored with FRC posts and
all-ceramic crown; however, in the resin/cement interface, they
were lower for the ceramic crown supported by FRC posts than
those in the ceramic endocrown restoration (Table 2). The max-
imum contact shear and tensile stress values along the restora-
tion/tooth interface of the ceramic endocrown were lower than
those with ceramic crown supported by FRC posts (Fig 7
Table 3).
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Figure 6 Distribution of the mvM stresses in molar tooth model C with FRC posts, composite resin core, and ceramic crown during the masticatory
load (MPa). (A) The mvM stresses in ceramic crown; (B) the mvM stresses in dentin; (C) the mvM stresses in composite resin luting cement around
post.
Figure 7 Distribution of contact stresses in molar tooth model C with FRC posts, composite resin core, and ceramic crown during the masticatory
load (MPa). (A) Contact tensile stresses in the ceramic crown; (B) contact shear stresses in the ceramic crown.
Discussion
The restorative procedure performed with the conventional
crown, the resin composite filling core, and the glass fiber
post attempts to reproduce the biomechanical behavior and es-
thetics of enamel and the resilience of dentin.31,32 Ceramic
endocrown is a total crown that expands within the sur-
face of the pulp chamber as a one-piece “monoblock” with-
out the need for an intraradicular post.33 The high bond-
ing capacity of leucite-reinforced ceramics to the dental
structure and the smaller number of bond interfaces prob-
ably make the dentin/enamel/ceramic group more resistant
when compared with the dentin/enamel/post/resin/ceramic
group.34
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In vivo studies have also demonstrated the favorable perfor-
mance of endocrown restorations.6,33,35 In addition, endocrown
restorations are easy to perform but only should be made with
reinforced ceramics.6,33,35
According to this study’s results, the mechanical response
for the tooth restored by ceramic endocrown was superior to
the tooth restored with ceramic crown retained by FRC posts.
Therefore, the null hypothesis was rejected.
Posterior teeth are liable to various directions and values of
both functional and para-functional loads. The highest masti-
catory load in the posterior region for normal adults is 580 N
according to Tortopidis et al.36 In another study Bakke et al37
reported that the average magnitude of highest masticatory load
varies among females (441 N) and males (522 N). In this study,
the applied axial load was 300 N. This is not as much as the max-
imum masticatory load, but simulates the normal masticatory
load, in view of the complexity of displaying the complicated
maximum occlusal loads in various restorations by numerical
simulations. Thus, different load values and directions were not
applied in this study.8
In the present study, the mechanical behavior of ceramic
endocrown and ceramic crown supported by FRC posts to
normal masticatory force were assessed by FEA. The dentin
mvM stress values of ceramic endocrowns were lower than
stress values in ceramic crowns with FRC posts. Therefore,
ceramic endocrowns seem to be more beneficial in restoring
molar teeth; however, the highest tensile stresses obtained in
the three models were lower than the dentin tensile strength,
105.5 MPa.38
Morgano39 found that the indication for posts is to retain the
core and not to reinforce the root canal treated tooth. According
to Forberger and Go¨hring’s40 study, the fracture strength values
for both endocrowns and conventional crowns with post are
almost the same. Although another study performed by Biacchi
and Basting7 showed that ETT restored with ceramic crowns
retained by FRC posts and core are more prone to fracture than
those restored with endocrowns.
Different studies have demonstrated that a ceramic en-
docrown restoration in molar teeth is more beneficial than in
premolar teeth, because of the large surface inside the pulp
chamber of molars compared to premolars, which will improve
the micromechanical retention given by the adhesive system.
Thus, ceramic endocrowns must be limited to restoring ETT
molars in order to obtain a satisfactory performance in terms
of bond strength and response to occlusal loads.35 According
to Dejak and Mlotkowski41 root canal treated molar teeth re-
stored with FRC posts and ceramic crowns are more prone to
failure than root canal treated molars restored with ceramic
endocrowns.
With regard to material failures, several studies reported that
material failure susceptibility will increase following a high
number of stress applications, despite the fact that the stress is
lower than its yield strength.42-44 To obtain predictable data
about the material vulnerability to fatigue failure, which is
widely recognized in the oral area, a static linear FEA can
be used.45
Our results were compared with Dejak and Mlotkowski’s41
findings in terms of mvM stresses among the different restora-
tions, and the stress level in the luting resin cement in our
study was higher for ceramic endocrown restorations than in
FRC posts and ceramic crowns restorations, which is not con-
sistent with the other study results. In this study, the values
of contact tensile and shear stress along the restoration/tooth
interface under various restorations were calculated to simu-
late the natural masticatory process, which includes contact
stresses that could be received by the teeth, as neither is al-
ways well tolerated by the PDL as an axial load, and could
be received by the tooth as either tensile or shear forces on
the restoration/tooth interface, aligned with the assessment
of fragile material failure such as resin cements, crown ce-
ramic, and remaining tooth structures.46 Contact tensile and
shear stress values around ceramic crowns supported by FRC
posts and core were higher than around ceramic endocrowns
(Table 3).
According to our study results, considering that the adhe-
sive bonding procedure was properly done, ceramic endocrown
restorations must not be fractured or damaged during normal
masticatory load in mandibular molars. In clinical work, to
achieve ideal cementation between an all-ceramic restoration
and teeth, many steps are required to be done properly, includ-
ing: perfect isolation to prevent any contamination from saliva
and/or blood, acid etching,47 silane coupling agent,48 and apply-
ing bonding system between ceramic and tooth structure.47-50
Moreover, the temperature fluctuations and periodic occlusal
loads will affect the bond strength between crown ceramics
after some time.51,52 These steps are basics for the longevity
of the restoration, since microleakage is a common cause for
failue.5 Although our study results support the favorable per-
formance of an endocrown restoration over a ceramic crown
supported by FRC posts and core, in vitro studies have limi-
tations over attempts to produce a real clinical situation. This
study’s results do not necessarily reflect the clinical perfor-
mance of the restorative approaches tested. Therefore, it might
be considered from the achieved results that ceramic endocrown
restorations are a restorative option for ETT molar teeth with se-
vere loss of dental tissue. They are able to replace conventional
crowns supported by posts and filling cores and provide advan-
tages in terms of mechanical performance, cost, and clinical
time.
Conclusions
Bearing in mind the limitations of this study, the following
conclusions were drawn:
1. Ceramic endocrown restoration presented a lower mvM
stress level in dentin than the conventional ceramic crown
supported by FRC posts and core. Ceramic endocrown
restorations in molars are less susceptible to damage than
those with conventional ceramic crowns retained by FRC
posts.
2. A ceramic endocrown that is properly cemented in mo-
lars might not be fractured or loosened under the mastica-
tory load levels presented in this investigation. Therefore,
ceramic endocrowns are advised as a practicable, min-
imally invasive, and esthetic restorations for root canal
treated mandibular molars.
Journal of Prosthodontics 00 (2017) 1–9 C© 2017 by the American College of Prosthodontists 7
Mandibular Molar Endocrown Biomechanical Behavior: 3D FEA Helal and Wang
Acknowledgments
The authors of this study thank Professor Chen Zhong Zhong
and Mr. Zhang Jian Fei from the School of Mechanical
Engineering, Zhengzhou University for their technical support
rendered for the 3D FEA.
References
1. Mormann WH, Bindl A, Luthy H, et al: Effects of preparation
and luting system on all-ceramic computer generated crowns. Int
J Prosthodont 1998;11:333-339
2. Papa J, Cain C, Messer HH: Moisture content of vital vs
endodontically treated teeth. Endod Dent Traumatol
1994;10:91-93
3. Reeh ES, Messer HH, Douglas WH: Reduction in tooth stiffness
as a result of endodontic restorative procedures. J Endod
1989;15:512-516
4. Biacchi GR, Mello B, Basting RT: The endocrown: an alternative
approach for restoring extensively damaged molars. J Esthet
Restor Dent 2013;25:383-390
5. Dietschi D, Duc O, Kreji I, et al: Biomechanical considerations
for the restoration of endodontically treated teeth: a systematic
review of the literature, part II (evaluation of fatigue behavior,
interfaces, and in vivo studies). Quintessence Int
2008;39:117-126
6. Valentina V, Aleksandar T, Dejan L, et al: Restoring
endodontically treated teeth with all-ceramic endo-crowns—case
report. Serb Dent J 2008;55:54-64
7. Biacchi GR, Basting RT: Comparison of fracture strength of
endocrowns and glass fiber post-retained conventional crowns.
Oper Dent 2012;37:130-136
8. Lin CL, Chang YH, Pai CA: Evaluation of failure risks in
ceramic restorations for endodontically treated premolar with
MOD preparation. Dent Mater 2011;27:431-438
9. Kraus B, Jordan R, Abrams L: Dental Anatomy and Occlusion.
Baltimore, Williams and Wilkins Co, 1969, pp. 197, 223–262
10. Ash M, Nelson S: Wheeler’s Dental Anatomy, Physiology and
Occlusion (ed 8). Philadelphia, Saunders Co, 2003, pp. 297–
314
11. McDonald A: Preparation guidelines for full and partial coverage
ceramic restorations. Dent Update 2001;28:84-90
12. Darendeliler SY, Alacam T, Yaman Y: Analysis of stress
distribution in a maxillary central incisor subjected to various
post and core applications. J Endod 1998;24:107-111
13. Versluis A, Douglas WH, Cross M, et al: Does an incremental
filling technique reduce polymerization shrinkage stresses? J
Dent Res 1996;3:871-878
14. Kelly JR: Clinically relevant approach to failure testing of
all-ceramic restorations. J Prosthet Dent 1999;81:652-661
15. Habelitz S, Marshall S, Marshall G, et al: Mechanical properties
of human dental enamel on the nanometre scale. Arch Oral Biol
2001;46:173-183
16. Craig R, Peyton F: Elastic and mechanical properties of human
dentin. J Dent Res 1958;37:710-718
17. Ruse ND: Propagation of erroneous data for the modulus of
elasticity of periodontal ligament and gutta percha in FEM/FEA
papers: a story of broken links. Dent Mater 2008;24:1717-1719
18. Albakry M, Guazzato M, Swain M: Biaxial flexural strength,
elastic moduli, and x-ray diffraction characterization of three
pressable all-ceramic materials. J Prosthet Dent 2003;89:374-380
19. Magne P, Perakis N, Belser U, et al: Stress distribution of
inlay-anchored adhesive fixed partial dentures. A finite element
analysis of influence of restorative materials and abutment
preparation design. J Prosthet Dent 2002;87:516-527
20. Willems G, Lambrechts P, Braem M, et al: A classification of
dental composites according to their morphological and
mechanical characteristics. Dent Mater 1992;8:310-319
21. Silva NR, Castro CG, Santos-Filho PC, et al: Influence of
different post design and composition on stress distribution in
maxillary central incisor: Finite element analysis. Indian J Dent
Res 2009;20:153-158
22. Giannini M, Soares C, Carvalho R: Ultimate tensile strength of
tooth structures. Dent Mater 2004;20:322-329
23. Powers J, Sakaguchi R: Craig’s Restorative Dental Materials (ed
12). St. Louis, Mosby, 2006, pp. 61, 65
24. Philips LN: Design with Advanced Composite Materials. New
York, Springer-Verlag, 1989
25. Eldiwany M, Powers J, George L: Mechanical properties of
direct and post-cured composites. Am J Dent 1993;6:222-224
26. Probster L, Geis-Gerstorfer J, Kirchner E, et al: In vitro
evaluation of a glass–ceramic restorative material. J Oral Rehabil
1997;24:636-645
27. White S, Yu Z: Compressive and diametral tensile strengths of
current adhesive luting agents. J Prosthet Dent 1993;69:568-572
28. Zienkiewicz O, Tylor R: Finite Element Method. The Basics (ed
5). Oxford, Butterworth–Heinemann, 2000, pp. 87–110
29. De Groot R, Peters M, De Haan Y, et al: Failure stress criteria for
composite resin. J Dent Res 1987;66:1748-1752
30. Asmussen E, Peutzfeldt A, Sahafi A: Finite element analysis of
stresses in endodontically treated, dowel-restored teeth. J
Prosthet Dent 2005;94:321-329
31. Ree M, Schwartz R: The endo-restorative interface: Current
concepts. Dent Clin North Am 2010;54:345-374
32. Magne P, Douglas WH: Additive contour of porcelain veneers: A
key element in enamel preservation, adhesion, and esthetics for
aging dentition. J Adhes Dent 1999;1:81-92
33. Otto T: Computer-aided direct all-ceramic crowns: preliminary
1-year results of a prospective clinical study. Int J Period Restor
Dent 2004;24:446-455
34. Chaio C, Kuo J, Lin Y, et al: Fracture resistance and failure
modes of CEREC endo-crowns and conventional post and
core-supported CEREC crowns. J Dent Sci 2009;4:110-117
35. Bindl A, Richter B: Mo¨rmann WH: Survival of
ceramic-computer-aided/manufacturing crowns bonded to
preparations with reduced macroretention geometry. Int J
Prosthodont 2005;18:219-224
36. Tortopidis D, Lyons MF, Baxendale RH, et al: The variability of
bite force measurement between sessions, in different positions
within the dental arch. J Oral Rehabil 1998;25:681-686
37. Bakke M, Michler L, Moller E: Occlusal control of mandibular
elevator muscles. Scan J Dent Res 1992;100:284-291
38. Dejak B, Mlotkowski A: Three-dimensional finite element
analysis of strength and adhesion of composite resin versus
ceramic inlays in molars. J Prosthet Dent 2008;99:131-140
39. Morgano SM: Restoration of pulpless teeth: application of
traditional principles in present and future contexts. J Prosthet
Dent 1996;75:375-380
40. Forberger N, Go¨hring TN: Influence of the type of post and core
on in vitro marginal continuity, fracture resistance, and fracture
mode of lithia disilicate-based all-ceramic crowns. J Prosthet
Dent 2008;100:264-273
41. Dejak B, Mlotkowski A: 3d-finite element analysis of molars
restored with endocrowns and posts during masticatory
simulation. Dent Mater 2013;29:e309-317
42. Ferreira JAM, Costa JDM,Reis PNB, et al: Analysis of fatigue
damage in a glass-fibre-reinforced polypropylene composite
materials. Compos Sci Technol 1999;59:1461-1467
8 Journal of Prosthodontics 00 (2017) 1–9 C© 2017 by the American College of Prosthodontists
Helal and Wang Mandibular Molar Endocrown Biomechanical Behavior: 3D FEA
43. Found MS, Quaresimin M: Two-stage fatigue loading of woven
carbon fibre reinforced laminates. Fatigue Fract Eng Mater Struct
2002;26:17-26
44. De Iorio A, Ianniello D, Iannuzzi R, et al: Strength criteria for
composite material structures. In: Found MS (ed): Experimental
Techniques and Design in Composite Materials 4. London, A.A.
Balkema Publishers, 2002, pp. 79–86
45. Schatz D, Alfter G, Goz G: Fracture resistance of human incisors
and premolars: morphological and patho-anatomical factors.
Dent Traumatol 2001;17:167-173
46. Mitchell CA, Abbariki M, Orr JF: The influence of luting cement
on the probabilities of survival and modes of failure of cast full
coverage crowns. Dent Mater 2000;16:198-206
47. Borges G, Sophr A, De Goes M, et al: Effect of etching and
airborne particle abrasion on the microstructure of different
dental ceramics. J Prosthet Dent 2003;89:479-488
48. Soares J, Soares P, Pereira J, et al: Surface treatment protocols in
the cementation process of ceramic and laboratory-processed
composite restorations: a literature review. J Esthet Restor Dent
2005;17:224-235
49. Cura C, Sarac¸oglu A, Cotert HS: Effect of different bonding
agents on shear bond strengths of composite-bonded porcelain to
enamel. J Prosthet Dent 2003;89:394-399
50. Frankenberger S, Sindel J, Kramer N, et al: Dentin bond strength
and marginal adaptation: direct composite resin vs ceramic
inlays. Oper Dent 1999;24:47-55
51. Bookhan V, Essop A, Du Preez I: The bonding effectiveness of
five luting resin cements to the IPS Empress 2 all ceramic
system. SADJ 2005;60:103-107
52. Peumans M, Hikita K, De Munck J, et al: Bond durability of
composite luting agents to ceramic when exposed to long-term
thermocycling. Oper Dent 2007;32:372–379
Journal of Prosthodontics 00 (2017) 1–9 C© 2017 by the American College of Prosthodontists 9
